The purpose of this study was to formulate a "sleep/wake" scoring algorithm for processing activity measurements obtained using a newly developed nonwear actigraphy (NWA) device, and to test its validity. The NWA device has a highly sensitive pressure sensor and is placed under a mattress. It can continuously record the activity of a person lying on the mattress and identify an "in-bed/out-ofbed" state from the vibrations of the mattress. We formulated the sleep/wake scoring algorithm by using data obtained simultaneously by wrist actigraphy (Act) and the NWA device in 33 healthy participants. Agreement rate, sensitivity, and specificity with Act were 95.7%, 97.6%, and 75.8% (33 healthy people); the corresponding values were 85.9%, 89.1%, and 79.8% for 12 nursing home residents and 93.7%, 97.2%, and 60.8% for 60 nights for 6 healthy persons who slept 10 nights on their futons. Agreement rate, sensitivity, and specificity with polysomnography were in almost perfect agreement with Act (12 nights; 6 healthy persons who slept 2 nights). All our validation results indicate that the NWA device, placed under a mattress or a futon, can produce almost identical sleep/wake scores to Act. It is expected that the NWA device, a nonwear device for scoring sleep/wake and inbed/out-of-bed, enables convenient long-term sleep-related evaluation in various fields, including hospital settings, homecare settings, and care facility settings such as nursing homes.
Introduction
Polysomnography (PSG) is the standard method for characterizing sleep. Taking PSG recordings over prolonged periods of time is difficult and expensive and has led to the development of many instruments, in particular some measuring wrist activity over time during sleep and wakefulness. Wrist actigraphy (Act) is widely considered a reliable method for use in sleep research (Ancoli-Israel, 2005; Ancoli-Israel et al., 2003) .
Japan is an aging society and the prevalence of insomnia among the elderly is reportedly greater than 30% (Kim et al., 2000) . There is an increasing need to understand the factors affecting the quality of prolonged sleep in elderly persons. However, measuring this sleep quality over long periods is very inconvenient, especially for the elderly, and measures are necessary to avoid the devices not being worn. For example, artifacts in Act records can be due to noncompliance (i.e., not wearing the device), breathing movements, postural blocking of arm movement and externally imposed movement, e.g., from riding in a moving vehicle (Pollak et al., 2001; Tryon, 2004) . To remove such artifacts, many researchers routinely ask the participants to keep a log of the times they sleep and remove the device (Youngstedt et al., 2001; Cole et al., 2002) . Such log taking is, however, a burden for both the research subjects and the researchers. Although long-term monitoring by Act is allowed in clinical research and for treating sleep disorders, it remains a challenge in other circumstances. Wrist bands specially designed to make their removal difficult have been used to study elderly nursing-home patients with dementia, and they have also been attached to the legs of infants (Ancoli-Israel, 2005) . Sleeping with an Act device is uncomfortable, and more convenient devices are needed. A nonwear device is better suited for long-term monitoring.
It is known that a static-charge-sensitive bed (SCSB) can record ballistocardiograms, heart rates, respiratory movement, and body movements (Alihanka et al., 1981) , and has been used to evaluate sleep (Salmi and Leinonen, 1986; Jansen and Shankar, 1993; Kaartinen et al., 1996) . The subject is not required to wear a device, but the SCSB is big, heavy, and not commercially available in Japan.
We Tokyo, Japan) that is now commercially available in Japan. The automatic sleep/wake scoring from the activity measured by the NWA enables convenient long-term monitoring because of the nonwear device. Also, identifying whether the subject is in bed or out of bed is easy and no logbook is necessary. Our study involved 4 experiments. We formulated an original algorithm for scoring sleep/wake states from the activity measured in healthy subjects, concomitantly with Act and NWA. The validity of the algorithm was then tested. The efficacy of NWA was also tested on nursing-home residents and when placed under futons, because these are widely used in Japan. Ultimately, the validity of the algorithm was tested using PSG, the accepted standard for sleep studies.
Methods
The NWA device is placed under a mattress, allowing the continuous monitoring of the sleeper's activity (Fig. 1) . The device has a highly sensitive pressure sensor and detects motion through the mattress, identifies whether the sleeper is in or out of bed, and calculates an activity score every minute. This score reflects the intensity and frequency of large body movements and excludes smaller movements due to breathing and heartbeat. The device is 28.6 cm long, 77 cm wide, and 2.5 cm thick (most of the device is 1.1 cm thick). In our study, the device was placed under the upper half of the mattress, approximately 40 cm from the upper edge of the mattress.
The participants wore an Act on their nondominant wrist (Micro-Mini Actigraph, Ambulatory Monitoring Inc. for Experiments 1 to 3, and Mini Motionlogger Actigraph, Ambulatory Monitoring Inc. for Experiment 4). The participant's activity was recorded simultaneously with NWA every minute. Scoring of sleep/wake states was done using the Cole-Kripke algorithm (Cole et al., 1992) for the Act data and using the algorithm derived in Experiment 1 for the NWA data.
Ethical approval was obtained prior to the study. The participants were informed of the purpose and methodology of the study and gave their consent to participate. 2 ), respectively. Recordings were made on 2 consecutive nights at the participants' homes. They were instructed to keep a log of their sleep schedule, to refrain from excessive drinking, and to sleep 7-9 h on the night of the measurement and the night before. The mattresses on which the participants slept were 191-200 cm long, 83-100 cm wide, and 8-15.5 cm thick.
We determined the moments of getting into and out of bed using the in-bed/out-of-bed scoring of the NWA and the sleep logs. The data between these times were then analyzed. Two night recordings from each participant were randomly assigned to either a formulation sample (nϭ33) or a test sample (nϭ33). Data from the formulation sample were used to derive our original sleep/wake scoring algorithm. Data from the test sample were used to prospectively assess the accuracy of the algorithm derived from the formulation sample. We derived a sleep/wake scoring equation in a similar way to the ColeKripke algorithm. A multiple-regression equation was derived from the value, calculated from the Cole-Kripke equation and activity scores measured by Act, as the dependent variable, and activity scores measured by NWA for the same minute, each of the preceding 4 min, and each of the following 2 min as independent variables (a total of 7 parameters). This multipleregression equation served as the sleep/wake scoring equation of the NWA. The periods scored as "out-of-bed" or showing strong discrepancies between the Act and NWA measurements of activity scores were excluded for the purpose of deriving the multiple-regression equation.
The same rescoring rules as for the Cole-Kripke algorithm were used in NWA. If the sleep/wake scoring equation of NWA included 1 or more "out-of-bed" periods, these periods were scored as "wake." The agreement rate with the corresponding sleep/wake scores of Act (agreement rate), the agreement rate with the Act-based "sleep" periods (sensitivity), and the agreement rate with the Act-based "wake" periods (specificity) were calculated in each formulation and test sample.
The agreement rate, sensitivity, and specificity were calculated from all the measured data. The sleep parameters were calculated by both Act and NWA for each participant. Wilcoxon's signed-ranks test was used for statistical analysis of Act and NWA. Spearman's correlation coefficient was used for the analysis of correlation. pϽ0.05 was taken as the significance threshold. 
Experiment 2 Application to nursing-home residents
Experiment 2 involved 12 nursing-home residents (all women) aged 74-96 years (average 83.8Ϯ7.6 years). They had several diseases and used walkers, wheelchairs, or mobility scooters but were not classified as having restricted mobility. Their height, weight, and BMI were 140-158 cm (average 147Ϯ5.5 cm), 37-67 kg (average 46.4Ϯ8.8 kg), and 15.8-28.9 kg/m 2 (average 21.4Ϯ4.0 kg/m 2 ), respectively. Recordings were made over 1 night for each participant.
The agreement rate, sensitivity, and specificity were calculated from all the measured data and the sleep parameters were calculated by both Act and NWA for each participant. Wilcoxon's signed-ranks test was used for statistical analysis of the Act and NWA measurements and Spearman's correlation coefficient was used for analyzing correlation. pϽ0.05 was the significance threshold.
Experiment 3 Application under a futon
Experiment 3 involved 6 healthy participants (3 women, 3 men) aged 21-34 years (average 27.8Ϯ5.5 years). Their height, weight, and BMI were 157-182 cm (average 167Ϯ10.9 cm), 47.5-76 kg (average 58.1Ϯ12.0 kg), and 18.6-25.1 kg/m 2 (average 20.8Ϯ2.6 kg/m 2 ), respectively. Recordings were made over 10 nights for each participant, using the participant's own futon.
The agreement rate, sensitivity, and specificity were calculated using all the measured data. We denoted events, classified as "out-of-bed" by NWA but which showed no significant activity with Act, as NWA artifacts. We denoted events, classified by Act as "wake" for showing constant and characteristic activity but classified by NWA as "sleep" for showing little or no activity, as Act artifacts. The ratios of NWA artifacts and Act artifacts to the total number of periods analyzed were calculated. (Rechtschaffen and Kales, 1968) and the supplements and amendments of the Japan Society of Sleep Research (Hori et al., 2001) . The Polymate AP1000 (DIGITEX LAB CO. Ltd., Tokyo, Japan) was used for the PSG. Data sets showing movement were classified as "wake" states. Three consecutive 20 s intervals of data were used to assess the sleep stage every minute. A period of 1 min was classified with a given sleep stage when its 3 consecutive 20 s intervals of data gave consistent results. When the results were not consistent, the data set was classified according to the following priority order: Stage wake, Stage 1, sleep stage of first 20 s interval. Recordings were taken over 2 nights for each participant. The data from the time of getting into bed to getting out of bed were analyzed. The agreement rate, the sensitivity, and the specificity were calculated from all the measured data for each of the first night and the second.
Experiment 4 Agreement with the sleep/wake score of PSG

Results
Experiment 1 Formulation of an algorithm for sleep/wake scoring
The following sleep/wake scoring equation was derived from the results of the multiple regression analysis. Here, DϽ1 corresponds to the "sleep" state, DՆ1 to the "wake" state, and A Ϫ4 , A Ϫ3 , A Ϫ2 , A Ϫ1 , A 0 , A ϩ1 , and A ϩ2 are the activity scores from 4 min before the scored period to 2 min after the scored TST, total sleep time (total time scored as "sleep" from into-bed-time to arise-time); SE, sleep efficiency (the ratio of time scored as "sleep" from into-bed-time to arise-time); SL, sleep latency (time from into-bed-time to the beginning of first interval containing 10 min scored as "sleep" with not more than 1 min of wakefulness); WASO, wake after sleep onset (total time scored as "wake" from falling sleep to awakening); Awakenings, the number of awakenings; r s , Spearman's correlation coefficient.
period. However, if 1 or more "out-of-bed" periods are included in these activity scores (A Ϫ4 -A +2 ), the period is scored as "wake."
Dϭ0. The agreement rate was 94.6% in the formulation sample (15,375 periods) and 97.5% in the test sample (15,820 periods). The sensitivity was 97.0% in the formulation sample and 97.6% in the test sample. The specificity was 71.2% in the formulation sample and 75.8% in the test sample. All the correlation coefficients for sleep parameters between Act and NWA were positive and statistically significant (Table 1) . No statistically significant differences were observed between Act and NWA in any of the sleep parameters.
Experiment 2 Application to nursing-home residents
A total of 7,500 periods were analyzed, with the agreement rate of 85.9%, the sensitivity of 89.1%, and the specificity of 79.8%. The correlation coefficients of sleep parameters (TST, SE, SL) between Act and NWA were positive and statistically significant (Table 2) . No statistically significant differences were observed between Act and NWA in any of the sleep parameters.
Experiment 3 Application under a futon
A total of 22,521 periods were analyzed, with the agreement rate of 93.7%, the sensitivity of 97.2%, and the specificity of 60.8%. NWA artifacts accounted for 0.37% (84 periods) of the total number of analyzed periods, whereas Act artifacts accounted for 0.79% (179 periods).
Experiment 4 Agreement with sleep/wake scores of PSG
A total of 2,613 periods were analyzed in the first night and 2,607 in the second. Sleep parameters derived from the PSG, NWA, and Act measurements are shown in Table 3 . For the first and second nights, respectively, the agreement rates of NWA with PSG were 92.4% and 92.2%, the sensitivities of NWA to PSG were 97.6% and 97.1%, and the specificities of 106 New Nonwear Actigraphy Device SL, sleep latency, defined as the time from the moment of getting into the bed to the beginning of the first interval containing 10 min scored as "sleep" with no more than 1 min of wakefulness. (Table 4 ). The agreement rates of NWA with Act were 96.8% and 97.4%, the sensitivities of NWA to Act were 97.9% and 98.2%, and the specificities of NWA to Act were 71.3% and 80.2%. Agreement rates, sensitivities, and specificities of NWA with Act-based sleep/wake scoring obtained in the present study are shown in Table 5 .
Discussion
Benson et al. directly compared two commercially available Act devices for 20 healthy subjects aged 24-64 and reported that the Pearson correlation coefficients between devices were 0.90-0.93 (pϽ0.01) in TST, 0.09-0.12 (n.s.) in SE, 0.24 (n.s.) in SL, and 0.45-0.56 (pϽ0.05) in WASO (Benson et al., 2004) . Although they did not report the agreement rate, sensitivity, and specificity, our study yielded greater correlation coefficients between Act and NWA (Experiment 1). Although the sample size for Experiment 4 was small (6 subjects), the agreement rate, sensitivity, and specificity with PSG-based sleep/wake scoring were almost equal to those obtained by Act. The specificity with PSG (approximately 34% in both NWA and Act) in our study corresponds to 21 healthy subjects (de Souza L et al., 2003) . It is thought that the specificity of Act is low because humans are not necessarily moving when awake (Paquet et al., 2003) . In addition, the unreliability of the PSGscoring of Stage 1 sleep (Hori et al., 2001 ) explains a portion of the differences between Act and PSG (Tryon, 2004) . The low specificity may be due to the fact that the sleep/wake scoring equations have been derived from the data consisting almost entirely of sleep periods, and that Act scores sleep/wake every 1 min in comparison with 20 or 30 s scoring of PSG. Concomitantly measuring with PSG may increase immobile wakefulness, because subjects remain in bed between the moments the lights are turned off and on, and that body movements are restricted by attached electrodes and video recording by an infrared monitor. Sleep evaluation by NWA should be conducted by considering that the specificity is as low as Act.
Because the NWA is placed under the mattress and the motion of the body, sensed through the mattress, is used for calculating the activity score and for determining the inbed/out-of-bed state, a "sleeping out of bed" score is returned as "out-of-bed" (i.e., a "wake" state), whereas Act scores "sleep." This artifact is almost equivalent to NWA artifacts observed in our study. Sadeh et al. reported an artifact of Act where breathing movement was incorrectly scored as an activity, giving a "wake" state instead of a "sleep" (Sadeh et al., 1994) . This artifact is almost equivalent to Act artifacts observed in our study. NWA artifacts occur more frequently in futon measurements than mattress measurements. Although the sample size for Experiment 3 was small (6 subjects), NWA artifacts were not significant in practice, considering that NWA artifacts (0.37%) occurred less frequently than Act artifacts (0.79%), and that a Micro-Mini Actigraph is widely used in sleep-related research. The results of all our experiments indicate that an NWA device placed under a mattress or a futon gives almost perfect agreement with Act for sleep/wake scoring.
Recently, there has been an increasing demand for sleep evaluation, not only for clinical research or for treating sleep disorders, but in various other fields including health promotion. For these purposes, inexpensive waist actigraphy (Enomoto et al., 2009 ) that can score sleep/wake from waist activity and a wireless transdermal photoelectric pulse wave sensor (Takahara et al., 2008) for autonomic activity during sleep were recently developed. However, both sensors must be worn, resulting in the same drawbacks as Act. On the other hand, the evaluation of an infant's sleep was attempted with an SCSB (Erkinjuntti, 1984) and a pressure-sensitive mattress (Thoman and Glazier, 1987) . These indicate the demands of nonwear and scoring sleep/wake sensors like NWA. However, these nonwear sensors are the same size as the mattress, so it is necessary to replace the mattress. In addition, the pressuresensitive mattress was tested only with infants and neither sensor was commercially available in Japan.
The possibility to perform long-term sleep evaluation on nursing-home residents, over several months or years, is potentially helpful for providing better care. Documenting residents with sleep-related problems may be useful for deciding on treatments and for relieving the work load of night staff at care facilities. Although several Act devices were reported to perform sleep/wake scores continuously for prolonged times (Ebata et al., 2001; Benson et al., 2004; Tonetti et al., 2008) , wearing such a device is uncomfortable for nursing-home residents. Unlike the wear-type sensor such as Act, a drawback of an NWA device is its inability to measure sleep/wake scores when the subject is out of bed. On the other hand, its ability to yield both in-bed/out-of-bed and sleep/wake scores simultaneously is an advantage. For example, the discrepancy between amount of sleep required and the actual time in bed is an essential problem of insomnia in the elderly (Ohayon et al., 2004) . Getting out of bed to use the lavatory, etc., during the night is also a problem. Efforts to keep residents out of bed during the day were conducted as nonpharmacological interventions to improve sleep in nursinghome residents (Alessi et al., 2005; Martin et al., 2007) . For these reasons, it is possible that monitoring when a resident is in bed or out of bed is more useful than monitoring when he/she is asleep or awake for detecting problems in nursing homes. Irregularities in the regular sleep/wake pattern are frequent in nursing-home residents. Although previous studies have reported that nonpharmacological interventions improved daytime wakefulness (Alessi et al., 2005) or rest/activity patterns (Martin et al., 2007) , sleep evaluation by Act was conducted for only a few weeks. Although Act is more suitable than NWA for the purpose of measuring circadian rest-activity rhythms and daytime sleep, nonwear sensors such as NWA enable the convenient long-term evaluation of sleep/wake and in-bed/out-of-bed states.
NWA is more strongly influenced by the subject's body size (height, weight, and BMI) than Act and PSG, because it is placed under the mattress and detects body movements through the mattress. It is obvious that NWA artifacts occur more frequently with small subjects and with subjects frequently "sleeping out of bed." Further study is required to address the influences of a subject's parameters including body size, types of sleep disorders, and physical condition. 
